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The concept of ventriculoarterial coupling provides a useful framework for analysing the interplay between left ventricular function and aortic input impedance. [1] [2] [3] The input impedance of the arterial bed is calculated by means of a complex analysis of aortic pressure tracings in the frequency domain, but it can also be reliably and easily evaluated from eVective arterial elastance (Ea).
1 Ea, measured as the ratio between end systolic pressure and stroke volume, 1 2 is the value of ventricular pressure developed for each millilitre of blood transferred to the arterial system, and it incorporates both the mean and the pulsatile components of arterial load. In the normal heart ventricular elastance (the energy source) and Ea (the load) are strictly coupled to maximise the amount of energy transferred from the source to the load.
Recent studies 4 5 have shown that patients with cardiac dysfunction, with or without overt congestive heart failure, have an abnormally increased arterial elastance. The mismatch between depressed left ventricular function and increased Ea could be reverted towards normal by means of inotropic 5 6 or afterload reducing drugs. 7 The benefits of surgical repair of left ventricular aneurysm on cardiovascular function have long been debated. While linear suture after resection of the aneurysmal sac gave inconsistent results, 8 endoventricular circular patch plasty repair (EVCPP) induced a consistent improvement in left ventricular pump function, 9 mainly owing to the reduction of wall tension caused both by the reduction of volumes and the restoration of a more advantageous chamber shape. 10 Arterial elastance and ventriculoarterial coupling have not been evaluated in postinfarction left ventricular aneurysm with depressed function. In this study patients with anterior aneurysm and depressed left ventricular function, who were submitted to endoventricular patch plasty reconstruction, were evaluated haemodynamically before and after surgery to determine the changes in ventriculoarterial coupling and arterial elastance.
Methods
Twenty two consecutive patients (mean age 59 years, range 49 to 73) with postinfarction anterior left ventricular aneurysm who underwent EVCPP 11 at the Cardiothoracic Centre of Monaco between April 1992 and May 1993 were studied. All patients were in sinus rhythm and had had anterior myocardial infarction. The median time since the myocardial infarction was 12.5 months. Patients with significant mitral regurgitation were excluded. Cardiac catheterisation and angiography were performed preoperatively and before discharge (about two weeks after the intervention) in all patients. Clinical and angiographic data are given in table 1.
Aortic pressure was measured by a fluid filled catheter inserted in the aortic root through a radial artery. Cardiac output was measured before angiography by means of the thermodilution method using a Swan-Ganz catheter. Left ventricular angiography (30°r ight anterior oblique projection) was performed before coronary arteriography with an 8 F micromanometer tipped catheter and filmed at 50 frames/second. Heart rate was fixed at 100 beats/min during angiography by atrial pacing to avoid diVerences in heart rate dependent haemodynamic variables such as ejection fraction and Ea.
Frame by frame left ventricular silhouettes were manually traced and digitised using uniform sampling every 0.1 mm; left ventricular pressures were digitised at 1000 samples/ second. Ventricular volumes were calculated using the Chapman monoplane method. 12 A computer program was used to construct interpolated left ventricular pressure-volume loops and the following variables were automatically calculated from pressure tracings: maximum left ventricular systolic pressure, left ventricular end diastolic pressure, maximum rate of rise of left ventricular pressure (dP/ dtmax), maximum rate of decay of left ventricular pressure (dP/dtmin), and the time constant of left ventricular pressure decline during isovolumic relaxation ( ). 13 The time intervals between end diastole and maximum left ventricular systolic pressure (t−peak) and between end diastole and dP/dtmax (t−dP/ dtmax) were automatically measured. From left ventricular volume data, the following variables were calculated: end diastolic volume index (EDVI), end systolic volume index (ESVI), stroke volume index (SVI = EDVI − ESVI), and ejection fraction (SVI/EDVI).
As a measure of contractile function, the end systolic pressure-volume relation (ESPVR) was estimated from steady state single beat pressure-volume loops, by applying the method of Senzaki et al. 14 Briefly, assuming a linear model, ESPVR was defined by a volume axis intercept (V 0 ) and a slope (left ventricular elastance). Elastance curves, defined as E(t) = P(t)/[V(t)−V 0 ] and normalised both by amplitude and time to peak amplitude, were found 14 to remain consistent during the first 25% to 35% of contraction, despite diVerent underlying cardiac disease, contractility, loading conditions, and heart rate. Hence, in that study, a composite E N (t N ) curve was obtained by averaging several E(t N )/Emax curves, where t N = t/tmax, tmax being the time from the R wave to the maximum P/V ratio, first assuming V 0 = 0. We computed the volume intercept from the equations defining E(t) and E(tmax), hereafter called Emax:
where P N (t N ) = P(t N )/P(tmax), and E N (t N ) was obtained from non-linear interpolation of Senzaki's data. From V 0 it was possible to obtain
A refinement estimation was accomplished by iteratively redetermining tmax at the time of maximum P/(V−V 0 ) and then recalculating V 0 until no significant volume variation was found.
Emax was indexed for body surface area in mm Hg/ml/m 2 . End systolic pressure (ESP) was defined as left ventricular pressure at tmax. Stroke work was calculated from the integral of left ventricular pressure-volume loop.
Ea (mm Hg/ml) was calculated as the ratio between ESP and stroke volume. where sAoP and dAoP are systolic and diastolic arterial pressure, HR is the heart rate, and BW is body weight in kg. This formula, derived from an experimental work, has recently been applied in a clinical investigation. 6 Chamber eYciency was calculated as the ratio between stroke work and potential work index.
The index of peripheral vascular resistance (PVRI, dyne.s/cm 5 /m 2 ) was calculated as mean blood pressure × 80/cardiac index.
STATISTICAL ANALYSIS
Data are reported as mean (SD). Comparisons among preoperative and postoperative haemodynamic data were performed by using paired t test. Correlations were determined by calculating Pearson's coeYcient of correlation. A p value of < 0.05 was considered statistically significant. Data were analysed by SPSS for Windows statistical package version 7.0 (SPSS Inc, Chicago, Illinois, USA).
Results
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Cx, circumflex coronary artery; LAD, left anterior descending coronary artery; LM, left main coronary artery; MI, myocardial infarction; NYHA, New York Heart Association functional grade; RC, right coronary artery; Y, presence of critical coronary lesion.
tricular dysfunction with markedly increased EDVI, a low ejection fraction, low Emax, high Ea, and low chamber eYciency. Ea showed an inverse correlation with chamber eYciency (r = −0.57, p < 0.01). The ratio between arterial and ventricular elastance was increased, indicating ventriculoarterial mismatch. After surgery, there was a marked reduction in left ventricular volumes and a significant increase in ejection fraction, without changes in mean SVI and stroke work. End diastolic pressure decreased slightly, end systolic pressure decreased, while SP did not change. PVRI did not show a significant reduction.
Ea 001; fig 3) ). Emax and chamber mechanical eYciency increased significantly after surgery.
Figure 1 Scatterplots of left ventricular volumes (end diastolic volume index (EDVI); end systolic volume index (ESVI); left ventricular ejection fraction (LVEF); and left ventricular end diastolic pressure (LVEDP)).
Analysis of high fidelity left ventricular pressure tracings showed that, after surgery, t−peak decreased from 237 (39) to 191 (41) ms (p < 0.0001) and tmax decreased from 349 (47) to 312 (30) ms (p < 0.002). Also t−dP/dtmax and decreased, without significant changes in maximum left ventricular systolic pressure, dP/dtmax, or dP/dtmin (table  3) . Morphological changes in left ventricular pressure tracings were observed after surgery in all patients: thus while left ventricular pressure waves were characterised by a delayed maximum systolic peak and a slow decay during relaxation before surgery, they showed an earlier systolic peak and a faster decay during relaxation after the procedure (fig 4) .
Discussion
Patients with postinfarction left ventricular anterior aneurysm had severely depressed left ventricular function, with a marked increase in chamber volumes, reduced ejection fraction, low Emax, and low mechanical eYciency. Preoperative Ea was increased and comparable to values found in patients with idiopathic dilated cardiomyopathy and congestive heart failure. 16 According to the ventriculoarterial coupling theory, these patients had a mismatch between left ventricular function and arterial impedance.
Endoventricular patch plasty reconstructive surgery for left ventricular aneurysm produced marked changes in chamber volumes: postoperative EDVI became smaller than preoperative ESVI and the reduction in ESVI was even greater. The marked postoperative reduction in EDVI was associated with a decrease in end diastolic pressure, indicating a decrease in left ventricular preload. The lack of postoperative changes in stroke work and stroke volume, in the presence of improved ejection fraction and decreased Ea, further confirms the role played by left ventricular volume decrease. A similar haemodynamic pattern has recently been observed in patients with heart failure after the administration of a potent venous and arterial vasodilator drug with mild positive inotropic eVects. 6 Left ventricular pump function improved after surgery, following Starling's law (maintenance of the same stroke work with a decreased preload). Further evidence of this improvement is the marked increase in mechanical eYciency and the mild increase in Emax. The higher Emax showed by the "reconstructed" left ventricle appeared to be a result of the sharp reduction in ESVI, which was not associated with significant changes in V 0 . Values are mean (SD). dP/dtmax and dP/dtmin, maximum rate of rise and fall of left ventricular pressure; ESP, end systolic pressure; SP, maximum systolic pressure; t−dP/dtmax, time to dP/dtmax; t−peak, time interval between left ventricular pressure upstroke and SP; tmax, time to Emax; , time constant of pressure decline.
The absence of significant changes in V 0 is not in keeping with the non-physiological two compartment chamber model developed for acute regional ischaemia. 17 In this experimental model of regional dyssynergy induced by acute ischaemia, a rightward shift of the end systolic pressure-volume relation with an increase in V 0 was observed. On the other hand, the clinical applicability of this model was questioned by the investigators themselves. 17 Moreover, the clinical setting in which we analysed ESPVR was that of a chronic left ventricular aneurysm, which is a fibrous scar with elastic properties that are not comparable to those of a "bulge" caused by acute ischaemia. We cannot exclude the possibility that the single beat method adopted to evaluate ESPVR might have introduced a large scatter of V 0 volumes. Indeed, this method has never been validated against any previous conventional method in critically ill patients such as ours, in whom load manipulation was not recommended. Furthermore, in computing ESPVR, we adopted a sampling rate of 50 Hz (which was determined by the angiographic method) and this might have introduced an even greater scatter of V 0 values. However, in our opinion, a degree of uncertainty over the V 0 measurement did not detract from the validity of our conclusions, which were supported by analysis of independent haemodynamic variables such as dP/dt, left ventricular volumes and ejection fraction, arterial elastance, and left ventricular pressure.
Aneurysmectomy, with the accompanying abrupt reduction of left ventricular chamber volume, oVered a unique opportunity to study the eVects of a sharp reduction in left ventricular afterload-to an extent otherwise not achievable in clinical conditions.
After surgery, arterial elastance decreased because of a significant decrease in end systolic volume, in the absence of significant changes in stroke volume; end systolic pressure also decreased, while systolic and mean arterial pressures did not change significantly. Analysis of high fidelity left ventricular pressure tracings oVered an explanation for this result: after surgery, the left ventricular pressure wave was characterised by an earlier systolic peak and an earlier and faster pressure decay, resulting in a lower end systolic pressure (figs 4 and 5). We can confidently assume that the structural characteristics of the aorta and the great arteries did not change after the surgical procedure, and no changes in peripheral vascular resistance were documented. Thus in the absence of changes in heart rate and stroke volume, the change in shape of the left ventricular pressure waveform had to be related to changes in left ventricular contraction-that is, to an increase in left ventricular shortening velocity which has been described after experimental reduction in afterload 18 19 and to a more advantageous load sequence [20] [21] [22] induced by preload reduction. It is probable that the intrinsic left ventricular inotropic state did not improve, as indicated by the small increase in Emax and the lack of changes in dP/dtmax. Isovolumic indices of contractility, such as dP/dtmax, are known to show little if any change in response to changes in loading conditions. 23 Moreover, no patient was on inotropic drugs at the time of postoperative catheterisation, and a contractility increase due to myocardial revascularisation would have played a minor role, as the median interval between myocardial infarction and surgery was longer than 12 months, and the same pattern of changes in systolic pressure was observed in six patients with single vessel disease (patients 4, 8, 11, 15, 19, and 20) who did not have bypass grafting in territories remote from that of the excised aneurysmal sac. On the other hand, myocardial contraction may have improved as a result of load changes in non-ischaemic regions remote from the aneurysm, as we showed. 24 As to the second hypothesis-that is, a changed load sequence-this is in keeping with the experimental data gathered in intact animals, isolated hearts, and papillary muscles, that preload reduction also improves left ventricular function by improving relaxation. 25 The same pathophysiological mechanism has been postulated to explain the favourable eVects of mixed vasodilators in clinical heart failure. Indeed, in our study decreased after surgery, indicating improved left ventricular relaxation.
Some of our data suggest that the more severe the preoperative mismatch between arterial elastance and left ventricular function, the greater the "afterload dependence" of left ventricular function and the greater the advantage of aneurysmectomy. In fact, the postop- erative decrease in Ea was related to its preoperative value, and the patients with higher preoperative Ea and a greater postoperative increase in ejection fraction had the most marked postoperative decrease in Ea.
CONCLUSION
After EVPPR, ventriculoarterial coupling improved. The ratio between arterial and ventricular elastance decreased after surgery, mainly because of the greater decrease in arterial elastance than the lesser increase in ventricular elastance. The decrease in arterial elastance appeared to be related mainly to a reduction in end systolic pressure due to changes in the intraventricular pressure waveform. In the absence of changes in heart rate, stroke volume, and peripheral vascular resistance-and assuming only minor changes in inotropic state and in the structural characteristics of the arterial wall-we believe that these changes in the intraventricular pressure contour mainly reflect loading sequence changes induced by the patch plasty reconstruction.
